Cold acclimation is a multigenic trait that allows hardy plants to develop efficient tolerance mechanisms needed for winter survival. To determine the genetic nature of these mechanisms, several cold-responsive genes of unknown function were identified from cold-acclimated wheat (Triticum aestivum). To identify the putative functions and structural features of these new genes, integrated genomic approaches of data mining, expression profiling, and bioinformatic predictions were used. The analyses revealed that one of these genes is a member of a small family that encodes two distinct groups of multispanning transmembrane proteins. The cold-regulated (COR)413-plasma membrane and COR413-thylakoid membrane groups are potentially targeted to the plasma membrane and thylakoid membrane, respectively. Further sequence analysis of the two groups from different plant species revealed the presence of a highly conserved phosphorylation site and a glycosylphosphatidylinositol-anchoring site at the C-terminal end. No homologous sequences were found in other organisms suggesting that this family is specific to the plant kingdom. Intraspecies and interspecies comparative gene expression profiling shows that the expression of this gene family is correlated with the development of freezing tolerance in cereals and Arabidopsis. In addition, several members of the family are regulated by water stress, light, and abscisic acid. Structure predictions and comparative genome analyses allow us to propose that the cor413 genes encode putative G-protein-coupled receptors.
To achieve their complete life cycle and reproduction in temperate regions, hardy plants like winter wheat (Triticum aestivum) have developed two major evolutionary adaptative mechanisms: vernalization and cold acclimation (CA). Overwintering plants sense the upcoming winter and delay flowering by postponing the transition from the vegetative to the cold-sensitive reproductive phase (Simpson et al., 1999) . In addition, they develop the high degree of freezing tolerance (FT) needed for winter survival (Fowler et al., 1999) . Following low temperature (LT) acclimation, some winter cereals can tolerate temperatures as low as Ϫ33°C. The regulatory mechanisms underlying these two processes and how they are interconnected are far from being fully understood. To gain further knowledge on the strategies that plants use for winter survival, the identification of cold-regulated (COR) genes is needed. A survey of the literature reveals that the expressions of a large number of genes are altered during the process of CA (Thomashow, 1999; Breton et al., 2000; Seki et al., 2002) . These genes could be classified into four groups based on the presumed function of the encoded proteins. The first group comprises genes encoding structural proteins that may be involved in protecting the cell during LT stress. The second group represents those genes that regulate gene expression and signal transduction pathways, such as transcription factors, protein kinases, phosphatases, and the enzymes involved in phosphoinoside metabolism. The third group represents genes encoding enzymes involved in the biosynthesis of different osmoprotectants and membrane lipids and those of the antioxidative response. The fourth group contains cold-induced genes encoding proteins of unknown function.
To gain insight into the function of these novel proteins, a combination of expression profiling and bioinformatic analyses can be used to predict properties and features that may be important for their function. When a novel gene is found to be upregulated by LT and its expression shows an association with the plants' capacity to develop FT, it is reasonable to assume that the encoded novel protein may play a role in FT. By taking advantage of intraspecies variability in FT, a second level of association can be determined. Previous studies have shown that, compared with winter varieties, the less hardy spring wheat varieties cannot maintain the expression of COR genes (e.g. the WCS120 family) at a high level and that this differential expression is closely associated with their low degree of FT (Sarhan et al., 1997) . A third level of association can be further established by taking advantage of the natural diversity of plant species. For example, species such as rice (Oryza sativa) and maize (Zea mays) are highly sensitive to LT above the freezing point, whereas species such as winter wheat and rye can tolerate temperatures as low as Ϫ33°C. This association can help differentiate between cold-responsive genes related to cold performance from those related to the acquisition of FT.
As a subsequent step, each novel LT-regulated protein sequence can be analyzed using available bioinformatic tools. These tools help in the identification of sorting signals, conserved posttranslational modifications, transmembrane helices, and secondary and tertiary structures. The most recent prediction software incorporate machine-learning algorithms in the form of a neural network and a hidden Markov model (Blom et al., 1999; Krogh et al., 2001) . Comparative studies have shown that their prediction accuracy is often superior to older programs (Mö ller et al., 2001; Tusnàdy and Simon, 2001) and is bound to improve further when more newly characterized proteins are included in their training data sets. Knowledge gained from analyzing novel proteins with such tools can lead to the identification of important functional domains, an element needed to design future experiments to confirm the predicted function.
In the present study, the integrated approaches of expression profiling, structural analysis, and bioinformatic predictions were used to study a novel unknown gene family named cor413. This family encodes two distinct groups of proteins containing five putative transmembrane domains (TMD). COR413-plasma membrane (COR413-PM) proteins are potentially targeted to the plasma membrane and COR413-thylakoid membrane (COR413-TM) proteins to the thylakoid. The use of intraspecies and interspecies comparative gene expression analysis shows that the regulation of this gene family is associated with the development of FT in cereals and Arabidopsis. A proposed structural and functional model for the COR413 protein family is discussed.
RESULTS

Identification of TaCOR413-PM1 Homologs
Differential screening of a wheat cold-acclimated cDNA library was used to isolate LT-responsive clones. One of these clones, Tacor413-pm1 (previously Wcor413), was selected for detailed molecular characterization (Danyluk, 1996) . Sequence analysis revealed that the longest open reading frame (ORF) encodes a 210-amino acid (23 kD), highly hydrophobic protein with a predicted pI of 9.0 (Table I, 
TaCOR413-PM1).
A search in the GenBank nonredundant sequence database using the BLAST program revealed that TaCOR413-PM1 is a novel protein with no characterized homologs. Data mining of the GenBank EST database with TaCOR413-PM1 revealed that plants possess several homologs of this protein. A combination of EST sequencing and in silico reconstitution allowed the generation of 27 new COR413-related protein sequences from plants. Using pair wise sequence alignments with the initial TaCOR413-PM1, these proteins were clustered into two distinct groups (Table I) . The first group is named COR413-PM and contains members sharing more than 54% overall identity with TaCOR413-PM1 ( Table I ). The second group is named COR413-TM and contains members sharing less than 30% overall identity with TaCOR413-PM1 (Table I) . However, a region of 40 amino acids shows a higher degree of homology among all members of both groups (Supplemental Figs. 1-3, square brackets; they can be viewed at www.plantphysiol.org).
Data mining of cereal EST databases and rice genomic sequence helped in the identification of two different COR413-PM members in wheat, maize, and barley (Hordeum vulgare), whereas only one was identified in rice (O. sativa subsp. indica cv 93-11; Yu et al., 2002) . In addition, four COR413-PM proteins were identified in the Arabidopsis genome. On the other hand, only one member belonging to the COR413-TM group was identified in the four cereal species analyzed. In Arabidopsis, two COR413-TM were found in tandem repeat on chromosome 2 (The Arabidopsis Genome Initiative, 2000). Furthermore, a search in the GenBank EST database revealed that other dicotyledonous plants such as tomato (Lycopersicon esculentum), soybean (Glycine max), ice plant (Mesembryanthemum crystallinum), poplar (Populus spp.), and cotton (Gossypium hirsutum) as well as the coniferales Cryptomeria japonica and Pinus taeda possess sequences encoding homologs of the COR413 groups (see Supplemental Table II ; supplemental tables can be viewed at www.plantphysiol.org).
Other embryophytes such as the marchantiales Marchantia polymorpha and the moss Physcomitrella patens also have COR413 homologs. The deduced moss COR413 proteins share slightly higher identity with the COR413-PM group, suggesting that they are related to this group (Table I) . Because of their lower degree of homology, they were classified separately in this study as moss COR413 (Table I ). This lower homology may result from the evolutionary distance between moss and other plants listed in Table I . Because no entries encoding COR413 homologs were found in the green algae Chlamydomonas reinhardtii sequence database, it is possible that COR413 would be present only in multicellular Viridiplantae. COR413 homologous sequences were neither found in other eukaryotes nor in prokaryote databases, suggesting that this family is specific to the plant kingdom.
The cor413 Genes Encode Membrane Proteins Potentially Targeted to the Plasma and Thylakoid Membranes
The analyses of both COR413-PM and -TM sequences revealed that they are rich in hydrophobic amino acids, suggesting that they may be membrane proteins (Supplemental Figs. 1 and 2 ). The sequence alignments of both groups show many regions of high identity (shaded in black in Supplemental Figs. 1 and 2). In addition, many residues normally considered important for protein structure or activity such as Cys residues and Pro residues are conserved within COR413-PM or COR413-TM proteins asterisks) . Five of the Pro residues are even conserved between members of both groups (yellow-shaded asterisks). On the other hand, the sequence alignments also revealed that approximately the first 50 amino acids of COR413-PM and the first 80 amino acids of COR413-TM are poorly conserved. This observation prompted us to analyze these regions for subcellular targeting signals.
Analysis using the PSORT program revealed that there is no consensus targeting or retention signal present in COR413-PM sequences (Nakai and Kanehisa, 1992; Supplemental Table III ). Although the program suggested different cellular localizations for each member, the average score was slightly higher for the plasma membrane localization. Because many proteins targeted to the plasma membrane possess a cleavable signal peptide, COR413-PM sequences were analyzed with SignalP (Nielsen and Krogh, 1998) . The analysis of SignalP-HMM results revealed that six proteins have a high probability to possess a non-cleavable signal anchor for endoplasmic reticulum (ER) translocation (Supplemental Table III) . These results are consistent with those obtained with PSORT and suggest that COR413-PM proteins are targeted to the plasma membrane. Moss COR413 shows the same features as the COR413-PM group, suggesting that they are also targeted to the plasma membrane (Supplemental Table IV ). Using several secondary structure prediction programs available on the Network Protein Sequence Analysis server, we found that the N-terminal region of COR413-PM proteins contains a possible hinge-like structure consisting of two segments of 20 to 25 residues predicted to form ␣-helices that are separated by a Gly-rich region (Supplemental Fig. 1 ). The use of the targeting signal programs PSORT, iPSORT, and TargetP for COR413-TM sequence analyses revealed that they are all likely to be targeted to the thylakoid membrane (Supplemental Table V ; Nakai and Kanehisa, 1992; Emanuelsson et al., 2000; Bannai et al., 2002) . Chloroplast targeting signals are generally highly basic and rich in Ser and Thr (Agarraberes and Dice, 2001) . The N-terminal sequence of all COR413-TM members shows these two properties (Supplemental Fig. 2 ).
COR413 Proteins Contain Five TMD
As expected from the overall amino acid composition, the Kyte and Doolittle hydrophobicity plot of TaCOR413-PM1 shows a highly hydrophobic pattern with six clear spikes (Supplemental Fig. 1 , S1-S6; Kyte and Doolittle, 1982) . Superposition of the Kyte and Doolittle plot of the 15 available COR413-PM sequences showed that the overall hydrophobicity is well conserved among the different members (Fig.  1A) . To analyze the number of TMD and the possible topology of COR413-PM proteins, the newly developed and accurate membrane topology prediction program TMHMM was used (Krogh et al., 2001; Mö ller et al., 2001) . The final prediction generated by the program for each COR413-PM members is listed in Supplemental Table III , and the compilation of all TMD predictions is presented in Figure 1B . These analyses allowed us to propose two structural models (Fig. 2) . In the first, COR413-PM proteins would have five TMD with the N-terminal end outside and the C-terminal end inside (Fig. 2, model 1) . This model is supported by the following observations: (a) The final prediction of 11 of 15 proteins have this topology; and (b) the compilation of the N-probability graphs for TMD shows that the five-TMD topology is favored. In this compilation, spike 4 was chosen as the third TMD in nine of the 11 proteins. The data analysis of the inside/outside proba- Novel Stress-Regulated Plant Membrane Proteins bility graphs generated by TMHMM and the calculation of the median probability revealed that the N-terminal topology is favored (64%). Although model 1 is the software's preferred topology, it does not take into account the following points: (a) All 15 proteins contain six hydrophobic spikes suggesting six TMD; and (b) four proteins of 15 are predicted to have six TMD with TMHMM. Therefore, an alternative model could be proposed where group COR413-PM members would have six TMD with both the N-terminal and C-terminal ends inside (Fig.  2, model 2) . The main difference with the first model is the inverted topology in the first one-half of the protein.
COR413-TM sequences were analyzed before and after removal of the putative N-terminal chloroplastic targeting signal. The comparison of the 10 Kyte and Doolittle profiles clearly shows that COR413-TM proteins possess six hydrophobic spikes (S1-S6 in Supplemental Fig. 2 and Fig. 1A ). Despite the clear hydrophobic pattern, TMHMM had difficulties generating clear topology predictions (Supplemental Table V). However, the compilation of the 10 TMHMM graphs suggests that group II may also have a five-TMD structure (Fig. 1B) . Because no clear consensus can be deduced for the TMHMM inside-outside topology, it is impossible to predict which loops are exposed on the lumenal and stromal side of the thylakoids. The extracellular loop 1 of COR413-PM model 1 (Fig. 1, S3 ) falls in the region that is conserved between COR413-PM and -TM, and corresponds to the second predicted loop and the third TMD of COR413-TM (Supplemental Figs. 1-3 ; identified in blue in Fig. 2 ).
COR413-PM Proteins Contain Conserved Putative Phosphorylation and Glycosylated Phosphatidylinositol (GPI)-Anchoring Sites
Motif searches against the PROSITE, Pfam, and Smart databases, after exclusion of patterns with a high probability of occurrence, did not detect known motifs. However, the neural network-based NetPhos phosphorylation site prediction software generated several interesting findings (Blom et al., 1999) . Even though the TaCOR413-PM1 sequence contains eight Ser residues, 10 Thr residues, and four Tyr residues, only one Thr residue is predicted to be a phosphorylation site (Supplemental Fig. 1 in yellow) . Analysis of the other COR413-PM members with the NetPhos software always identified a putative phosphorylation site at this position (Supplemental Fig. 1 ). Interestingly, in both of our models, this phosphorylation site is located on the internal side of the membrane where it may be the target for intracellular kinases (see Fig. 2 ). For the chloroplastic COR413-TM proteins, NetPhos predicted a phosphorylation site in the same region (between TMD3 and TMD4) for eight of the 10 proteins. The other two proteins are those from Arabidopsis, which raises the possibility that the prediction of the phosphorylation site for the chloroplastic proteins may be incorrect (Supplemental Fig. 2) .
The DGPI program predicted a GPI-anchoring site at the C-terminal end of all COR413-PM family members (D. Buloz and J. Kronegg, unpublished data). The conserved features are a highly hydrophobic C-terminal end and a consensus cleavage site needed for the addition of the GPI anchor (Supplemental Fig. 1 ). This second posttranslational modification fits well with our structural models because GPI anchors are modifications located on the external side of the membrane (Fig. 2) . This modification will result in the cleavage of the second extracellular loop as schematized in Figure 2 . The chloroplastic COR413-TM proteins' C-terminal tail is also very hydrophobic but the potential cleavage sites are less conserved.
cor413 Genes Are Regulated by Environmental Stresses
Northern-blot analyses indicated that Tacor413-pm1 and Tacor413-tm1 transcripts are strongly upregulated by LT in leaf tissues (Fig. 3A) . In contrast, the Tacor413-pm2 transcript was down-regulated. The LT kinetics study in winter wheat cv Norstar leaves shows that the Tacor413-pm1 and tm1 transcripts accumulate rapidly within 24 h and remain at high levels throughout the acclimation period (Fig. 3A) . In comparison, the transcripts accumulation in the less freezing-tolerant spring wheat cv Glenlea peaks at 24 h and then declines (Fig. 3A) . When the plants are deacclimated at 24°C for 5 d, Tacor413-pm1 and tm1 transcripts decline to the nonacclimated control levels in both cultivars. The intra-and interspecies comparative expression analyses are shown in Figures 3B  and 4 . Tacor413-pm1 and tm1 mRNA levels are higher in winter wheat cultivars compared with the less FT spring wheat cultivars (Glenlea and Concorde). These results suggest that the accumulation of Tacor413-pm1 and tm1 transcripts is associated with the capacity of the plants to develop FT. This figure also shows that Tacor413-pm2 level is slightly downregulated by long term LT treatments because transcript levels are higher in nonacclimated wheat leaves than in the 36-d-acclimated ones. The use of the wheat Tacor413-pm1 and tm1 full-length probes revealed that LT-sensitive oat and LT-tolerant barley and rye also possess cold-inducible homologs of the cor413 family (Fig. 4A) . The wheat probes did not detect any signal in rice, but the use of rice-specific probes showed that the transcript level of Oscor413-pm1 is detectable but not LT-regulated under the four temperature regimes used. In contrast, Oscor413-tm1 transcripts are practically undetectable (Fig. 4B) . Results obtained with the maize Zmcor413-pm1 and -tm1 probes using similar treatments have shown that both transcripts are undetectable (data not shown). In Arabidopsis, the Atcor413-pm1 and Atcor413-tm1 transcripts accumulate in response to the LT treatments, but Atcor413-pm2 transcripts are undetectable (Fig. 4C) .
To determine whether the wheat and Arabidopsis cor413 gene families are specifically regulated by LT, plants were subjected to different stress treatments (Figs. 4C and 5A ). RNA gel-blot analysis indicated that water stress induces the accumulation of Atcor413-pm1 and -tm1 as well as Tacor413-pm1 and -tm1 transcripts to a level comparable to 1 d of LT exposure. Exogenous application of the stressassociated growth regulator abscisic acid (100 m) also induced the accumulation of the four transcripts. Taken together, these results suggest that the AtCOR413-PM1 and TM1 proteins could be dicotyle- 
Tissue Specificity and Light Regulation of cor413 Genes
The expression data in Figure 5B shows that, under LT conditions, Tacor413-pm1 is expressed more abundantly in leaves and roots, whereas the chloroplastic protein-encoding Tacor413-tm1 accumulated only in the photosynthetic tissues. To further investigate the association of the Tacor413-tm1 expression profile with photosynthetic tissue, we analyzed the regulation of the cor413 family members under different light conditions. The results in Figure 5C show that the LT-induced expression of Tacor413-pm1 is not light dependent and is not associated with the chloroplast differentiation stage. In contrast, Tacor413-tm1 LT accumulation is dependent on the chloroplast differentiation stage because Tacor413-tm1 accumulation is higher in light-grown plants than in etiolated plants.
To take advantage of the large body of information generated from the different plant EST projects, we analyzed systematically each GenBank cor413-related entry for information regarding tissue specificity. The result of our survey is presented in Supplemental Table II . In addition to the leaf and roots tissues, cor413-pm and cor413-tm transcripts were found in wheat pre-anthesis spike, maize glume, and rice panicle. In dicotyledonous plants, they are found in Arabidopsis flower buds, cotton post-anthesis fiber bolls, potato (Solanum tuberosum) sprouting eyes, alfalfa (Medicago sativa) root tips, soybean immature flowers, and tomato flower buds and maturing fruits. Cor413 members were also found in P. taeda bark tissue, P. patens protonemata, and M. polymorpha immature sex organs. This survey reveals that cor413-pm and -tm expression is not restricted to the plant vegetative stage but also occurs in the final phase of the reproductive stage.
DISCUSSION
A combination of comparative expression profiling and bioinformatic tools was used to identify and to characterize a novel family of plant multispanning transmembrane proteins. Data mining of various nucleotide databases and protein sequence alignments revealed that the higher plant COR413 family can be clustered into two distinct groups. Sequence analyses revealed four important conserved features on COR413-PM and two on COR413-TM. These features are related to the cellular localization, the structure, and the presence of a phosphorylation site and of a GPI-anchoring site.
The bioinformatic approach used allowed us to propose that COR413-PM proteins are targeted to the plasma membrane and that COR413-TM proteins are targeted to the thylakoid membrane. The predicted localization of COR413-TM proteins is further corroborated by the fact that their corresponding transcripts are more abundant in photosynthetic tissues and are regulated by the chloroplast differentiation stage. The existence of some EST entries from nonphotosynthetic tissues such as alfalfa developing flowers, Arabidopsis flower buds, potato sprouting eyes, and barley etiolated tissues suggests that the proteins may also be associated with other plasts.
The hidden Markov-based TMHMM software predicted that both COR413-PM and -TM proteins are likely to possess five transmembrane helices and that the N-terminal end of group COR413-PM may be located on the extracellular side of the plasma membrane. Although this is the most probable topology for the moment, TMHMM had a difficulty reaching a consensus topology, especially with COR413-TM proteins. This may be due to the fact that TMHMM, which uses a machine-learning algorithm, was tested using a data set containing very few plant membrane proteins (Krogh et al., 2001 ). This hypothesis suggests that the prediction of plant membrane protein structures will certainly become more accurate with time when more plant data becomes available for data set generation. This particular program was used for two main reasons: first, it is considered the most accurate prediction software (Mö ller et al., 2001) , and second, because it is based on a hidden Markov algorithm. A recent review on membrane protein topogenesis concluded that the current knowledge makes it impossible to establish consensus rules because too many different processes seem to influence simultaneously the insertion of the protein into the membrane (Goder and Spiess, 2001 ). On the basis of this conclusion, we believe that machine learning algorithms such as the hidden Markov algorithm can better take into account the subtle differences in amino acids that cannot be deduced by any other method.
The use of the neural network-based predictor NetPhos 2.0 (Blom et al., 1999) suggested that COR413-PM members are likely to possess a different phosphorylation site on the second intracellular loop. It is worth mentioning that the software predicted a phosphorylation site in the loop between TMD3 and TMD4 of the wheat TaCOR413-PM1 and -PM2 proteins, and this loop is a region that is highly divergent between the two proteins. This suggests that the two proteins may be regulated by different kinases (Supplemental Fig. 1) .
The last consensus prediction was obtained from the anchoring site predictor DGPI. This program found the presence of a cleavage site and a favorable environment for the addition of a GPI anchor (proper hydrophobic tail length and hydrophilic region length) at the second extracellular loop of COR413-PM proteins. The only feature that DGPI did not detect on COR413-PM sequences is the presence of an N-terminal cleavable signal peptide for translocation to the ER, and neither was this feature detected by the accurate SignalP signal sorting predictor (Nielsen and Krogh, 1998) . However, SignalP did predict the presence of a non-cleavable signal anchor for ER translocation in several COR413-PM. It is thus possible that in our case, a signal anchor may replace the signal peptide. Although no multispanning transmembrane proteins are currently known to be GPIanchored (Borner et al., 2002) , the results obtained from our bioinformatic analyses do not at this point rule out the possibility that COR413-PM proteins could be GPI-anchored. The GPI-modified proteins are usually identified by their presence in the soluble fraction after GPI cleavage by specific lipases. Thus, multispanning transmembrane proteins will always remain attached to the membrane fraction and will not be identified as GPI-containing proteins. Thus a special experimental procedure needs to be developed to confirm our hypothesis.
Gene Expression Studies
To understand the function of the COR413 family, expression patterns were determined during several environmental stresses. The expression of one member of group COR413-PM and one from group COR413-TM was closely associated with the acquisition of FT in several plant species such as wheat, rye, and Arabidopsis. This observation is in agreement with the recent microarray analysis that identified Atcor413-pm1 as an LT-inducible gene in Arabidopsis (Seki et al., 2001 ; clone FL3-5A3). On the other hand, group Cor413-pm and -tm transcripts were not induced in the LT-sensitive species rice and maize. Together, these results suggest that the cor413 expression is not associated with a general metabolic response to LT. Furthermore, the wheat and Arabidopsis cor413-pm1 and -tm1 genes were also induced by water stress and abscisic acid. Interestingly, a cor413 homolog was found in an EST survey of ABA-treated protonemata cells of the moss P. patens (Machuka et al., 1999) . Furthermore, recent results have shown that a P. patens homolog of cor413 is induced by ABA and slightly by LT, and these increases were associated with the development of FT of the protonemata cells (Nagao et al., 2001 ).
Putative COR413 Function
It is known that the plasma membrane is the primary site of freezing injury (Steponkus, 1984) . To date, only highly soluble amphipatic proteins have been proposed to act as membrane-stabilizing proteins (Artus et al., 1996; Danyluk et al., 1996) . As an integral membrane protein, COR413-PM could play a structural role by stabilizing the plasma membrane lipid bilayer. If the proposed function is exact, the existence of a thylakoid COR413 may suggest that this membrane also needs structural reinforcement.
The second proposed hypothesis is that the COR413 protein family is associated with environmental stress signaling. This hypothesis is based on the comparison between our structural model (Fig. 2,  model 1) and that of the mammalian Rhodopsin-like G-protein-coupled receptor (GPCR) family (Bockaert and Pin, 1999) . GPCR is the largest family of receptors in animals, and sequence alignment studies have helped classify them into five large clusters. The largest cluster is named the Rhodopsin-like class A GPCR and contains at least 1,000 different members (Horn et al., 1998) . All of these proteins share little sequence identity, but one triplet motif (E/D-R-Y) is highly conserved and has been the subject of numerous mutational studies (Scheer et al., 1996; Alewijnse et al., 2000; Chung et al., 2002, and refs. therein) . It is located on the internal side of the membrane at the border of the third TMD and second intracellular loop of GPCR (Fig. 2) . The aspartic/Glu residues contribute to maintain the receptor in its quiescent state (Chung et al., 2002) . A similar motif (D-R/K-T) was found in the most conserved region of COR413-PM and moss COR413 (Supplemental Figs.  1 and 3) , and it is also located on the internal side of the membrane at the border of TMD1 and the first intracellular loop (Fig. 2) . Although there is compelling biochemical and molecular evidence for the existence of GPCR-based signaling in plants (the three components of the heterotrimeric G-protein are identified), no receptor has been clearly shown to act as a GPCR (Millner, 2001) . Two plant proteins are actually considered GPCR. The first is the MLO protein family that is related to the animal GPCR family because it also possesses seven TMD (Devoto et al., 1999) . The second GCR1, was isolated by its sequence homology with the Dictyostelium spp. cAMP GPCR (Josefsson and Rask, 1997; Plakidou-Dymock et al., 1998) . These cAMP receptors are not clustered with the Rhodopsin-like family, but GCR1 possesses a motif similar to the D-R-Y triplet (H-R-T). On the basis of transgenic studies Colucci et al. (2002) recently suggested that GCR1 may be the gibberellic acid receptor.
Three other features support the assumption that group COR413-PM proteins are related to the Rhodopsin-like GPCR family. GPCR are regulated by kinases, and the phosphorylation sites are often located on the last intracellular loop (Pitcher et al., 1998) . It is on this loop that the conserved putative phosphorylation site was predicted for the COR413-PM proteins. The second feature is the presence of a lipid-anchoring site. It is known that saturated acyl chains are sometimes added on GPCR to link the C-terminal tail to the inner leaflet of the plasma membrane ( Fig. 2; Bouvier et al., 1995) . Therefore, a hydrophobic molecule is added to an already highly hydrophobic protein, as is predicted for COR413-PM members with the addition of a GPI anchor. In animal cells, GPI anchors are used to target the modified proteins into special cholesterol and sphingolipid-rich membrane domains named lipid rafts (Brown and London, 2000) . These membrane domains were shown to be the site of intense signaling events. Similar domains were recently identified in the plant plasma membrane (Peskan et al., 2000) . The third feature linking COR413-PM to GPCR is the presence of seven highly conserved Pro residues (Supplemental Fig. 1 ). In transmembrane proteins such as GPCR, some highly conserved Pro residues located inside the TMD are known to be important for correct folding and function (Sansom and Weinstein, 2000) . The rigid body motion of the two portions of a Pro-kinked TMD is proposed as a key dynamic component in the rearrangement of GPCR structure upon activation by ligand binding. Interestingly, five of the seven Pro residues in COR413-PM sequences are conserved in COR413-TM sequences, suggesting that they may play the same role in both subgroups (Supplemental Figs. 1-3) .
On the basis of these analyses, one may ask what is the specific ligand for COR413-PM? Several molecules can act as GPCR ligands in animal cells, and molecules sharing chemical characteristics with some of these ligands do exist in plants (Supplemental Table VI ; Wink, 1997) . Knowing that the larger extracellular loop of COR413-PM members is the region with the highest homology with the chloroplastic COR413-TM, it is possible that both proteins bind the same ligand. The exact biochemical properties and function of this new protein family during LT acclimation remains to be determined. Nevertheless, the combination of data mining, bioinformatic analyses, and expression profiling presented here will help us in the design of experimental procedures aimed at answering those questions.
MATERIALS AND METHODS
Plant Material and Growth Conditions
In this study, we used two spring wheat genotypes (Triticum aestivum L. 
Cloning and Data Mining
The Tacor413-pm1 clone (previously pWcor413) was isolated by differential screening of a Lambda Zap II library constructed from poly(A ϩ ) RNA isolated from 1-d cold-acclimated winter wheat (cv Norstar; Houde et al., 1992) . The Tacor413-pm1 clone was purified and excised as a pBluescript vector following the library supplier's protocol (Stratagene, La Jolla, CA).
Database searches to identify Tacor413-pm1 homologs were performed using the Canadian Bioinformatics Resource (Halifax, Nova Scotia, Canada; http://www.cbr.nrc.ca) and National Center for Biotechnology Information (Bethesda, MD; http://www.ncbi.nlm.nih.gov/BLAST) Web implementation of BLAST (Altschul et al., 1990 ) against the GenBank nonredundant sequence database and GenBank EST database (Benson et al., 2002) . In the first round of data mining, COR413 homologs were identified by using the TaCOR413-pm1 protein sequence as query with TBLASTN against the GenBank EST database. In the second round, the identified EST from each different plant species containing the longest 5Ј or 3Ј end were used as query to search the same database. Overlapping ESTs were assembled, and a consensus cDNA was deduced when two or more identical sequence could be aligned. To obtain the largest number of complete COR413 sequences, available clones were ordered, sequenced, and submitted to GenBank, and the others were deduced from the available genomic and EST sequences. The ORF of the assembled gene was identified using ORFinder on the NCBI Web site (T. Tatusov and R. Tatusov, unpublished data; http://www. ncbi.nlm.nih.gov/gorf/gorf.html). The longest ORF was always chosen (except for CjCOR413␥ where the third ATG was chosen). The complete in silico assembled nucleotide sequence and its encoded protein were then used to screen back the EST database. This other round of data mining was useful for the identification of very near homologs with subtle amino acid differences. Only the complete COR413 homologs were used for subsequent structural and functional domain prediction analyses. Survey of all the homologs identified can be found in Supplemental Table VII . AtCOR413-pm3 and AtCOR413-pm4 were not used in the bioinformatic analysis. Although AtCOR413-pm3 and pm4 seem to be related to group COR413-PM, their sequences are slightly different, and no other similar plant proteins were found.
The degree of sequence identity in Table I was determined using ALIGN (Pearson, 1990) on the Biology Workbench workstation (http://workbench. sdsc.edu/). Group I and II sequences were aligned and analyzed by using ClustalW (Thompson et al., 1994) on the Biology Workbench (http://workbench.sdsc.edu/) and Network Protein Sequence Analysis servers (Combet et al., 2000 ; http://pbil.ibcp.fr/). Shading of amino acids was performed with the BOXSHADE program at the BOXSHADE Web server at the University of Lausanne (Switzerland; http://ulrec3.unil.ch/software/ boxshade/boxshade.html).
Structural Analyses
For detection of specific targeting sequences, we used PSORT, iPSORT (Nakai and Kanehisa, 1992; Bannai et al., 2002 ; http://psort.nibb.ac.jp/), and TargetP v1.01 (Emanuelsson et al., 2000 ; http://www.cbs.dtu.dk). For detection of signal peptides, SignalP v2.0 was used (Nielsen and Krogh, 1998 ; http://www.cbs.dtu.dk). Before performing structural prediction, a Kyte and Doolittle hydropathic plot was generated by using the Protscale program (http://ca.expasy.org/cgi-bin/protscale.pl) with the Kyte and Doolittle option and a window of nine amino acids (Kyte and Doolittle, 1982) . The superposition of COR413 hydropathic plot was generated by transferring the raw data to Microsoft Excel (Microsoft, Redmond, WA). The graph was constructed by aligning the data table to the last C-terminal amino acid therefore compensating for the various protein N-terminal lengths. For TMD prediction, TMHMM (http://www.cbs.dtu.dk) was used (Krogh et al., 2001) . The TMHMM data tables were processed with Microsoft Excel as for hydropathic plot. ␣-Helical regions were identified with secondary structure prediction programs integrated in the Web implementation of ClustalW at the Network Protein Sequence Analysis Web site (Combet et al., 2000 ; http://pbil.ibcp.fr).
Other Prediction Servers
For functional domain identification, we first used ScanPROSITE on the Expasy Web server for PROSITE motif database screening (http://ca. expasy.org/tools/scanprosite/) and NCBI RPS-BLAST for Pfam and Smart conserved domain databases screening (Altschul et al., 1997 ; http:// www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In a subsequent search, we used most of the software available on the Expasy server (http:// ca.expasy.org/). Two types of the software gave interesting results. NetPhos was used for consensus phosphorylation site detection (http://www.cbs. dtu.dk; Blom et al., 1999) , and DGPI was used for GPI-anchoring site detection (http://129.194.186.123/GPI-anchor/index_en.html; D. Buloz and J. Kronegg, unpublished data).
Expression Studies
Cereal RNA extraction and RNA gel-blot analysis were performed as already described (Houde et al., 1992) . Total RNA from Arabidopsis and etiolated wheat were extracted using Tri Reagent (Molecular Research Center, Cincinnati) according to the manufacturer protocol. To prevent crosshybridization between Tacor413-pm1 and -pm2 probe in northern analysis, specific probes for the 3Ј-non-coding region of each cDNA were used. These probes were generated by PCR with the following primers: Tacor413-pm1, 5Ј-ttcatctacccggtctgggccgtc and 5Ј-ccaggaaacaaactaagacgtgacacc; and Tacor413-pm2, 5Ј-agtctgggtcctggtgctc and 5Ј-tcataccagaactacaacaaatcg (Tacor413-pm2 and Tacor413-tm1 clones were kindly provided by Dr Anderson [U.S. Department of Agriculture-Agricultural Research Service-Plant Gene Expression Conter, Albany, CA). Northern blots of rice and maize samples were performed using the complete Oscor413-pm1 or Oscor413-tm1 clones (kindly provided by Dr. Sasaki as part of the Japanese Rice Genome Research Program of the National Institute of Agrobiological Sciences and the Institute of the Society of Techno-Innovation in Agriculture, Forestry and Fisheries; Yamamoto and Sasaki, 1997) and Zmcor413-pm1 or Zmcor413-tm1 clones (kindly provided by Dr. Singh [Agriculture and Agri-Food Canada]). The Arabidopsis Atcor413-pm1 and pm2 probes also showed crosshybridization. Therefore, probes specific to the 5Ј non-coding regions were generated by PCR and used in the hydridizations. The first primer hybridized with the vector cloning site left border (5Ј-atagagctcactagtccggaattcccgggtcga) and the second hybridized specifically to the Atcor413-pm1 or -pm2 sequences (Atcor413-pm1, 5Ј-gtatatggcggcgattgaagcaacc; and Atcor413-pm2, 5Ј-tggcagcgaaagaagcgaggaatttga). For Atcor413-tm1 the complete cDNA was used as probe. Dr. Newman (Department of Energy-Plant Research Laboratory, East Lansing, MI) kindly provided the three Arabidopsis clones from Arabidopsis Biological Resource Center (Ohio State University, Columbus) distribution services. Northern analyses for each sample were performed at least three times from two biological replicates. For other COR413 sequence analysis, Dr. Ujino-Ihara from the Forestry and Forest Products Research Institute kindly provided the C. japonica clone, Dr. Bashiardes as part of the Physcomitrella EST Program at the University of Leeds (UK) and Washington University (St. Louis) kindly provided the P. patens clone, and Dr. Anderson from Clemson University Genomic Institute kindly provided the barley clone. All distributed clones are identified in Supplemental Table VII. 
